We previously generated a transgenic mouse model for acute promyelocytic leukemia (APL) by expressing the promyelocytic leukemia (PML)-retinoic acid receptor (RAR␣) cDNA in early myeloid cells. This fusion protein causes a myeloproliferative disease in 100% of animals, but only 15-20% of the animals develop acute leukemia after a long latency period (6 -13 months). PML-RAR␣ is therefore necessary, but not sufficient, for APL development. The coexpression of a reciprocal form of the fusion, RAR␣-PML, increased the likelihood of APL development (55-60%), but did not shorten latency. Together, these results suggested that additional genetic events are required for the development of APL. We therefore evaluated the splenic tumor cells from 18 transgenic mice with APL for evidence of secondary genetic events, by using spectral karyotyping analysis. Interstitial or terminal deletions of the distal region of one copy of chromosome 2 [del(2)] were found in 1͞5 tumors expressing PML-RAR␣, but in 11͞13 tumors expressing both PML-RAR␣ and RAR␣-PML (P < 0.05). Leukemic cells that contained a deletion on chromosome 2 often contained additional chromosomal gains (especially of 15), chromosomal losses (especially of 11 or X͞Y), or were tetraploid (P < 0.001). These changes did not commonly occur in nontransgenic littermates, nor in aged transgenic mice that did not develop APL. These results suggest that expression of RAR␣-PML increases the likelihood of chromosome 2 deletions in APL cells. Deletion 2 appears to predispose APL cells to further chromosomal instability, which may lead to the acquisition of additional changes that provide an advantage to the transformed cells. A cute promyelocytic leukemia (APL) is characterized by the accumulation of promyelocytes in the bone marrow and peripheral blood and often is accompanied by disseminated intravascular coagulation (reviewed in refs. 1 and 2). The major genetic abnormality associated with APL is a balanced translocation involving chromosomes 15 and 17 [t(15;17)(q22;q11.2-12)], fusing the promyelocytic leukemia (PML) gene with the retinoic acid receptor (RAR␣) gene (reviewed in refs. 1 and 2) . We and others have demonstrated that expression of PML-RAR␣ (PR) in early myeloid cells causes a myeloproliferative disease in 100% of animals and leads to the development of APL in 15-20% of animals after a latent period of 6-13 months (3-7). PML-RAR␣ expression is detected in virtually 100% of t(15;17) APL patients, and it appears to determine the characteristic leukemic phenotype in transgenic mouse models. However, more than 80% of human APL patients also express the reciprocal fusion RAR␣-PML (RP) in their leukemic cells (8) (9) (10) (11) . Expression of the RAR␣-PML cDNA in early myeloid cells does not alter myeloid development, but expression of both PR and RP cDNAs leads to a higher fraction of mice that develop APL (55-60%) (12); the latency of APL development was not altered by coexpression of RP. These data suggested that expression of the reciprocal RP fusion gene plays an important role in the development of APL in transgenic mice, but the persistent long latency suggested that additional genetic changes are required for APL progression.
A cute promyelocytic leukemia (APL) is characterized by the accumulation of promyelocytes in the bone marrow and peripheral blood and often is accompanied by disseminated intravascular coagulation (reviewed in refs. 1 and 2). The major genetic abnormality associated with APL is a balanced translocation involving chromosomes 15 and 17 [t(15;17)(q22;q11. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] ], fusing the promyelocytic leukemia (PML) gene with the retinoic acid receptor (RAR␣) gene (reviewed in refs. 1 and 2). We and others have demonstrated that expression of PML-RAR␣ (PR) in early myeloid cells causes a myeloproliferative disease in 100% of animals and leads to the development of APL in 15-20% of animals after a latent period of 6-13 months (3-7). PML-RAR␣ expression is detected in virtually 100% of t(15;17) APL patients, and it appears to determine the characteristic leukemic phenotype in transgenic mouse models. However, more than 80% of human APL patients also express the reciprocal fusion RAR␣-PML (RP) in their leukemic cells (8) (9) (10) (11) . Expression of the RAR␣-PML cDNA in early myeloid cells does not alter myeloid development, but expression of both PR and RP cDNAs leads to a higher fraction of mice that develop APL (55-60%) (12) ; the latency of APL development was not altered by coexpression of RP. These data suggested that expression of the reciprocal RP fusion gene plays an important role in the development of APL in transgenic mice, but the persistent long latency suggested that additional genetic changes are required for APL progression.
Both primary and secondary genetic lesions can be found in many hematologic malignancies (13, 14) . Primary genetic changes are usually specific and are required for development of the transformed phenotype. Secondary changes are usually less specific in nature and may occur in many different kinds of cancer (e.g., chromosomal gains or losses, loss of function of p53 or Rb, etc.). In acute leukemias, the primary alteration is often a translocation that creates a novel oncoprotein or an abnormally expressed protein. Secondary changes may result from genomic instability caused by the primary event; these secondary changes may provide an advantage for the transformed cell, because they are frequently found in a majority of tumor cells from a given patient. In newly diagnosed patients with APL and t (15;17) , approximately 30-45% have leukemic cells with secondary abnormalities (10, (15) (16) (17) . The most common secondary event is trisomy of chromosome 8, occurring in 15-40% of t (15;17) patients, but a variety of additional chromosomal abnormalities also have been described (10, (14) (15) (16) (17) . The high frequency of these secondary events has led to the hypothesis that PML-RAR␣ expression somehow may cause genomic instability, similar to that described for the expression of bcr-abl in patients with chronic myelogenous leukemia (18) . These secondary changes in APL are not associated with poor prognosis, nor do they predict response to therapy with AtRA (10) or Ara-C (17). Therefore, their significance is currently unknown.
In this report, we demonstrate that 11͞13 APL tumors derived from mice expressing both PR and RP acquire a common deletion of the distal segment of one copy of chromosome 2, in contrast to 1͞5 tumors expressing PR only. Tumor cells with chromosome 2 deletions had a much greater likelihood of acquiring additional chromosomal abnormalities (P Ͻ 0.005), including chromosomal gains, losses, and͞or tetraploidy. Expression of the RP fusion therefore increases the likelihood that chromosome 2 deletions will occur, which in turn increases the likelihood of additional chromosomal abnormalities. These progressive genetic abnormalities may contribute to the progression of APL in transgenic mice, and perhaps also in humans with APL.
Spleen and liver sections were analyzed for evidence of myeloid leukemia by histopathology, as described (12) . Blood was obtained at the time of death and analyzed with a Coulter counter for complete blood counts and automated differentials. Bone marrow was harvested from these animals for spectral karyotyping (SKY) analysis and morphologic analysis. Transgenic nonleukemic animals also were evaluated after 520 days, by using the same tests.
Cryopreservation of APL Tumors. Leukemic transgenic animals were killed and spleen cells were cryopreserved as described (12) . Cells were always frozen on the day of harvest and were cultured only for chromosome preparation.
SKY Analysis. Chromosomes were prepared from APL spleen cells and normal bone marrow cells after culture for 24-48 h. Cells were arrested in metaphase by incubation with colcemide for 2-3 h before chromosome preparation. Chromosomes were obtained by standard hypotonic KCl and methanol͞acetic acid fixation procedures.
SKY analysis was performed according to original procedure (19) with minor modifications. The mouse chromosome probe mixture (Applied Spectral Imaging, Carlsbad, CA) labeled with spectrum orange, Texas red, Cy5, spectrum green, and Cy5.5 was denatured and hybridized on denatured target slides. Visualization for biotin-and digoxigenin-labeled DNAs of the probe mixture were carried out by using avidin-Cy5 (Amersham Pharmacia) and antidigoxigenin-Cy5 antibody (Sigma). An interferogram for each metaphase was generated by using SD200 Spectracube (Applied Spectral Imaging) mounted on a Zeiss Axioscope II fluorescent microscope, equipped with a custom-made optical filter (Chroma Technology, Brattleboro, VT). Spectral information, upon recovery by Fourier transformation, was used to produce multicolor digital image with red, green, and blue colors assigned to certain ranges of recorded spectrum. Further analysis and classification were performed in SKY VIEW 1.5 karyotyping software (Applied Spectral Imaging) by using a Windows NT Workstation. 
PR indicates that mice contain the hCG-PML-RAR␣ transgene, and RP indicates that mice have the hCG-RAR␣-PML transgene. Male (M) and female (F) mice were analyzed. Predominantly male animals were used to generate the APL tumor bank for an independent immunology-based study. Age indicates the age (in days) at the time of death from APL. Stage was defined using the ratio of Gr-1 l0͞Ϫ ͞CD34ϩ cells to the total CD34ϩ cells in the splenic tumors. Ratios of 0.0 -0.125 were designated stage 1, 0.125-0.25 were stage 2, and Ͼ0.25 were stage 3. A higher stage therefore indicates that the tumor is less differentiated. N͞A ϭ not applicable. Chr, chromosome. *For all chromosomal abnormalities tested, the number of mitoses with the abnormality is shown over the total number of mitoses examined. For tumors containing del 2 on the initial screen, a large number of extra mitoses were evaluated specifically for del 2 status. † A complete description of the deletion of chromosome 2 is provided in Fig. 1 B and E.
2-specific probe was performed on all 12 tumors containing del(2), to more accurately assess the frequency of this deletion. As shown in Table 1 , 9͞12 tumors displayed del(2) in 100% of metaphases examined (with an average of 27 metaphases examined per tumor). In the only PR tumor with del(2) (12705), two cellular populations were identified: one was diploid, and 0͞19 cells in this population displayed del (2) . The other was tetraploid, with 16͞16 cells displaying del(2) in two of four copies of chromosome 2. In the remaining three tumors, del(2) was present in 12͞29, 21͞28, or 19͞34 metaphases examined. In the tumor derived from mouse 10826, the deletion of chromosome 2 was accompanied by an unbalanced translocation t(2;15) (G-ter;E), as shown in Fig. 1d . The size of the translocated fragment was smaller than the missing part of chromosome 2 (Fig. 1e) , suggesting that band F (and possibly the adjacent proximal subband E5) was lost.
Because our transgenic animals were derived on a mixed C3H ϫ C57BL͞6 background, we wanted to determine whether the deletions of chromosome 2 were occurring randomly, or whether they were restricted to one strain or the other. We therefore determined the origins of chromosome 2 in each tumor by using PCR to amplify allele-specific products, defined by at least 10 microsatellite-length polymorphisms (Research Genetics, Huntsville, AL). Of the six APL samples without deletion of chromosome 2, chromosome 2 was Bl͞6ϫBl͞6 in three, C3HϫC3H in two, and Bl͞6ϫC3H in one. Tumors that contained cells with del(2) were analyzed for the origin of the remaining chromosome 2. In two samples, the residual chromosome was derived from Bl͞6, and in four others, the residual chromosome was derived from C3H. For the six remaining tumors, both C3H and Bl͞6-derived genetic material was detected (probably from residual normal cells in the sample), so the origin of the residual chromosome 2 could not be determined.
Additional Chromosomal Gains and Losses in APL Cells Containing del(2).
Chromosome 2 deletions were highly associated with additional abnormalities involving chromosome copy number (P Ͻ 0.005). We calculated the frequency of nonrandom changes based on a minimum of two cells from a tumor displaying the same abnormality. In the six tumors without del (2) , no nonrandom chromosomal gains were noted, and none of the tumors was tetraploid. In contrast, del(2) tumors were associated with chromosomal copy-number gains (P Ͻ 0.001), losses (P Ͻ 0.005), and tetraploidy (P Ͻ 0.001). Six of 12 del(2)-containing tumors also exhibited a specific gain of chromosome 15 (P ϭ 0.001), and three of these six also exhibited gain of chromosome 6 in some cells (Table  1 ). In addition, 6͞12 tumors with del(2) displayed near tetraploidy, which was not seen in the absence of del(2) (P Ͻ 0.001).
Evaluation of chromosomal losses in the APL samples was more difficult, because random losses were noted in a small fraction of cells derived from normal animals and also in nonleukemic transgenic animals (see below). Four losses occurred in at least six of the 12 tumors with del(2): loss of 11 (6͞12), loss of 12 (6͞12), loss of 17 (6͞12), and loss of X͞Y (11͞12). However, loss of 12 and loss of 17 were observed at a similar frequency in the bone marrow cells of nontransgenic and nonleukemic animals, and therefore these losses were not leukemia-specific. Loss of 11 was detected in 52͞123 metaphases examined in leukemic samples, compared with 2͞66 metaphases from nonleukemic animals (P Ͻ 0.001). Loss of X͞Y was seen in 59͞123 leukemia cell metaphases, compared with 6͞66 nonleukemic cells (P Ͻ 0.001).
Deletion 2 appeared to occur in tumors before additional secondary changes occurred. For example, in tumor 10552, which expresses both PR and RP, del(2) was detected in all metaphases examined ( Table 2) . One of these metaphases contained no additional genetic abnormalities, and another contained gain of 15 only. In the remainder of the cells, the cells have gained 15 and also six. This finding suggests that in this tumor, del(2) occurred first, and that gains of 15 and then six provided a survival advantage or proliferative advantage to the transformed cells. A second clear example of this phenomenon is provided by tumor 12705 (Table 2 ). In the spleen cells derived from this animal, two dominant leukemic clones were clearly present. One had not acquired del(2), and no nonrandom chromosomal abnormalities were detected, other than loss of one copy of chromosome 11 in one cell. In the other clone, del(2) was present in 16͞16 cells examined. All of these cells were also tetraploid, and two of the four copies of chromosome 2 were deleted at the same position, suggesting that tetraploidy developed after del (2) . A large variety of additional chromosomal gains and losses were present in individual cells from this tumor, suggesting that genomic instability followed the acquisition of del(2). ) , and chromosome 15 (Right) at band 15E. The translocated fragment from chromosome 2 appears to span bands 2G through the terminus. Therefore, the abnormality is defined as translocation t(2;15) (G-ter;E) and most likely involves loss of chromosome 2 material containing bands 2E and 2F.
Occasional Random Chromosomal Losses in the Bone Marrow Cells of
Wild-Type and Nonleukemic Transgenic Animals. Bone marrow cells of nontransgenic or RP expressing, littermate-matched animals (109 -156 days old) were analyzed with SKY and G banding and found to have normal chromosome numbers (Table 3 ). Random chromosomal losses may have been caused by artifacts intrinsic to the chromosomal preparation process. In age-matched PR͞RP littermates (at high risk for APL development), similar random losses were seen in a small fraction of bone marrow cells. Two 520-day-old PR͞RP nonleukemic animals were evaluated. These animals displayed the myeloproliferative phenotype (Ͼ85% of bone marrow cells were of myeloid origin in both animals), but their bone marrow cells contained no nonrandom chromosomal abnormalities.
Staging of APL.
The APL tumors were classified based on the expression of the myeloid lineage marker Gr-1 and the primitive stem cell marker CD34 (Fig. 2) . Recently, several groups have reported CD34 expression on human APL cells (20, 21) , although earlier studies suggested that APL cells did not express CD34 (22) . APL tumor cells derived from PR or PR͞RP transgenic animals contain a large abnormal population of spleen cells that express the surface antigen CD34 (12) . Normal spleens contain Ͻ1-2% CD34 ϩ cells (Fig. 2 A) . A significant subset of tumor cells also express the late myeloid antigen Gr-1, either alone or in conjunction with CD34. The most primitive cells in the tumor populations are Gr-1 lo/Ϫ /CD34 (Fig. 2D, stage score 3 ). These findings were confirmed morphologically (Fig. 2) .
The Age at Death from APL and Tumor Stage Do Not Correspond with
Chromosomal Abnormalities. To determine whether the presence of secondary cytogenetic abnormalities influences the age of onset of disease, we compared the age (in days) of animals at the time of leukemic death with the cytogenetic findings. No correlation was noted between any cytogenetic finding and the age of death from APL [for example, the average age of death was 199 Ϯ 75 days for animals without del(2), and 223 Ϯ 102 days for animals with del(2) APL]. We also correlated APL stage (as defined above) with cytogenetic abnormalities. No chromosomal abnormalities were associated with an undifferentiated phenotype. The average stage score was 2.57 Ϯ 0.5 for tumors without del(2) vs. 2.08 Ϯ 0.6 for tumors with del(2). Finally, complete blood counts from six mice with APL and del(2) were compared with six APL mice without del (2) . There was no correlation between total white blood counts, hemoglobin levels, or platelet counts and the presence of del(2) (data not shown).
Discussion
In this report, we examined the tumor cells of transgenic mice dying from APL for evidence of secondary genetic changes. Mice 
Chr, chromosome. 
N͞A indicates not applicable. Chr, chromosome. that expressed only PML-RAR␣ in early myeloid cells usually progressed to acute leukemia without the acquisition of secondary chromosomal abnormalities. However, in transgenic mice that expressed both PML-RAR␣ and RAR␣-PML, 11 of 13 animals acquired a nonrandom deletion of the distal part of chromosome 2, a region that is syntenic with human chromosome 20, and part of human chromosome 15 (23) . The leukemic cells that contained del(2) frequently contained additional abnormalities associated with the leukemia, such as specific chromosomal gains, losses, or near tetraploidy. These results therefore revealed that expression of the RAR␣-PML fusion protein in early myeloid cells is strongly associated with the development of del (2) in animals that develop APL, and that del(2) is further associated with additional chromosomal changes that usually involve alterations in chromosome number. These secondary chromosomal changes may provide an advantage to the transformed cells by mechanisms that are not yet understood. Most human patients with APL (M3) have the t(15;17)(q22;q11.2-12) translocation. Virtually 100% of the patients express PML-RAR␣, and at least 80% express the reciprocal RAR␣-PML (8-11). However, 30-45% of newly diagnosed t(15;17) APL patients contain cells with additional secondary chromosomal abnormalities (10, (15) (16) (17) . The most common of these is trisomy 8, which occurs in 15-40% of APL tumors in most series examined (10, (15) (16) (17) . Trisomy 8 frequently is detected in chronic and acute myeloid leukemias and several solid tumors, as a primary or secondary abnormality (reviewed in ref. 10 ). The mechanism(s) by which the extra copy of chromosome 8 contributes to leukemogenesis is unknown. However, the minimal essential region of 8 that provides an advantage to transformed cells is found on the long arm (8q); part of the chromosome 8q syntenic region is located on mouse chromosome 15, and the remainder is found on mouse chromosomes 3 and 4 (23) . Additional secondary chromosomal abnormalities [such as del(17p) and del(7q)] have been identified in APL cells, but none are known to occur as frequently as trisomy 8 (10, (15) (16) (17) .
In our study, del(2) occurred more frequently in tumors expressing both transgenes. The strong correlation between RP expression and del (2) suggest that the two could be functionally associated.
However, this association occurs only in the context of APL driven by PML-RAR␣; RAR␣-PML expression alone does not alter myeloid development, cause leukemia, or independently cause del(2) or genomic instability (ref. 12 and Table 3 ). We previously have shown that mice that express PR and RP have a greater likelihood of developing APL, and that the tumors that develop in these animals are more biologically aggressive (12) . The mechanism of this phenomenon is unknown. However, recent studies have shown that the carboxyl-terminal region of PML (a region that is present in the RAR␣-PML fusion protein) is capable of interacting with the Rb protein and repressing its function (24) . It is not clear to us at this time how suppression of Rb function could predispose to del(2), or whether these events are even related.
The most common secondary genetic alteration noted in this series is the acquisition of a deletion of the distal part of chromosome 2, a region that is syntenic with parts of human chromosomes 11 and 15, and all of human chromosome 20 (Fig.  3) . Seven tumors had interstitial deletion involving bands 2(E2H1), four had a terminal deletion 2(Dter), and one tumor had a translocation t(2;15)(G-ter;E) rearrangement, resulting in the loss of the region 2(E1-F3). It is possible that del(2)(Dter) is also an interstitial deletion that retains a small part of the distal region of chromosome 2, including the telomere. Regardless, the minimal common region of deletion for all 12 of the del(2)-positive tumors is confined to region 2E-2F, which is mostly syntenic to human 20p, but also to parts of human 15q13-23. Although the human PML gene resides on 15q22, the mouse PML gene has been mapped to chromosome 9 by using somatic cell hybrids (25) ; therefore, the del(2) described here does not appear to cause haploinsufficiency for PML. Although deletions of 15q have not been described in APL patients, del(15q) has been detected in a small number of patients with AML and lymphoid malignancies (26) ; in addition, a tumor suppressor locus has been mapped to 15q21.1 in a sporadic form of colorectal cancer (27) . Similarly, del(20p) has not been described in APL patients. Small interstitial deletions of the long arm of chromosome 20 (20q Ϫ syndrome) have been detected in patients with myeloproliferative or myelodysplastic syndromes (28) (29) (30) (31) (32) (33) (34) , but the minimal commonly deleted region is found at 20q11. 2-12 (33, 34) . The mouse region syntenic to human 20q11.2-12 is deleted in the four tumors with del(2)(Dter), but it is not in the seven tumors with del(2)(E2H1) or the tumor with t(2;15)(Gter;E). The minimal common region of del (2) is currently very large (Ϸ20 cM); the analysis of additional deletions [or of the breakpoint region in the t(2;15) containing tumor] may provide important clues regarding the relevant loci. Del(2) occurred on only one half of chromosomes 2 in every tumor studied, similar to the 5q Ϫ and 20q Ϫ syndromes, where the deletion always occurs in only one copy of the chromosome (28) (29) (30) (31) (32) (33) (34) . Therefore, the phenotype in these syndromes may be associated with haploinsufficiency of the critical gene(s) [which has recently been described for a familial AML syndrome (35) ], or the second allele of the critical gene(s) is mutated in a fashion that cannot be detected by gross chromosomal analyses.
Patients with APL or chronic myelogenous leukemia frequently acquire secondary chromosomal abnormalities during leukemia progression, which has led to the hypothesis that the fusion proteins responsible for these diseases might directly cause genomic instability (17, 18, 36) . The PML gene has been shown to interact with the product of a gene associated with Bloom's syndrome (37) , which is associated with genomic instability, sister chromatid exchanges, and an increased incidence of cancer (38) . However, we did not detect nonrandom chromosomal changes in 520-day-old nonleukemic mice expressing both PR and RP, which suggests that these transgenes do not directly cause genomic instability.
Because the transgenes in this study were randomly integrated, it is possible that genetic alterations at the transgene insertion sites could contribute to the observed phenotypes; however, the same phenotypes were observed in three independent crosses of PR and RP, in which the insertion sites of the transgenes differed. In addition, because our mice were made in a C3H ϫ Bl͞6 background, it was difficult to know whether some of the secondary genetic changes were related to strain. We performed an extensive characterization of the origin of chromosome 2 in each tumor and did not detect an association between strain and del (2) . In tumors where del (2) was not present, we did not detect homozygosity of chromosome 2 from a single strain (which would have suggested that one of the strains contained a germ-line mutation of a tumor suppressor on chromosome 2). Similarly, in tumors with del(2), we did not find that the remaining chromosome 2 was always derived from a single strain (which again would imply that the remaining chromosome contained a germ-line mutation in a tumor suppressor, and that the deletion on the other chromosome had caused loss of heterozygosity). Moreover, Kogan and Bishop and their colleagues recently have evaluated their mouse model of APL for secondary genetic changes, by using comparative genomic hybridization (personal communication). In their model, the same bcr-1-derived PML-RAR␣ cDNA is driven by the MRP-8 promoter that is expressed in both early and late myeloid cells; their model was produced in FVB͞N mice (4) . Those investigators also identified APL tumors that contained loss of genetic information on chromosome 2, gain of 15, and loss of the sex chromosomes (as well as other chromosomal gains and losses). Therefore, some similar nonrandom changes were found in APL cells derived from a different PR transgenic model, making it unlikely that the changes reported here are caused by transgenic integration sites, transgene expression patterns, or strain-dependent factors.
In summary, our results have suggested that expression of RAR␣-PML, in conjunction with PML-RAR␣, may somehow facilitate the development of secondary genetic events that provide an advantage for cells expressing these transgenes. The loss of material from chromosome 2 was strongly associated with the development of additional genetic abnormalities, including a gain of chromosome 15 [containing a region syntenic with part of human 8q (23) ], the loss of chromosome 11 [resulting in haplo-insufficiency for p53 (39) , which may be a progression factor for AML (40) and chronic myelogenous leukemia (41) (42) (43) ], and abnormalities in chromosome number. Additionally, expression of PML-RAR␣ and RAR␣-PML may further inhibit p53 activation and cell senescence, because intact PML plays a critical role in p53 regulation (44) . The similarities between the secondary genetic changes observed in humans and mice suggest that similar mechanisms may contribute to APL progression in both species.
